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FOREWORD 


This  report  contains  the  results  of  an  extensive  aeries  of  normal 
shock  wave  calculations  for  equilibrium  air  performed  under  the  di¬ 
rection  of  the  authors  at  the  Cornell  Aeronautical  Laboratory,  Inc. 

That  portion  of  the  calculations  relative  to  the  "corridor  of  continuous 
flight"  were  performed  for  the  Eclipse- Pioneer  Division  of  the  Bendix 
Aviation  Corporation  under  Purchase  Order  No.  34- 390785-G-48  (U .  S. 
Air  Force  Prime  Contract  No.  AF  33(61 6)- 6579)  and  were  reported  in 
CAL  Report  No.  AF- 1429 -P-1.  Additional  calculations  pertinent  to 
ballistic  missile  re-entry  trajectories  were  made  under  Contract  No. 
DA-30-069-509-ORD-3117  v.'ith  the  U.  S.  Army  Rocket  and  Guided 
Missile  Agency.  The  remainder  of  the  calculations  and  the  preparation 
of  the  present  report  were  funded  by  the  Cornell  Aeronautical  Lr^ora- 
tory,  Inc. 

The  authors  sincerely  thank  Dr.  Russell  E.  Duff  of  the  Los  Alamos 
Scientific  Laboratory  for  making  available  the  IBM-computer  program 
used  in  the  present  work.  Grateful  acknowledgement  is  due  also  to 
Mr.  F.  E.  Butler  of  the  Computer  Services  Section  who  handled  the 
IBM- 704  calculations.  Finally,  the  authors  wish  to  thank  the  various 
personnel  of  the  Aerodynamic  Research  Department  who  contributed 
additional  calculations  and  valuable  assistance  in  preparing  the  tables 
and  graphs. 


ABSTRACT 


This  report  presents  tables  and  graphs  of  normal  shock  wave  pa¬ 
rameters  for  equilibrixim  air.  Composition  of  the  air  behind  the  shock 
is  also  tabulated.  The  results  cover  the  range  of  velocities  from  2000 
fps  to  26,  000  fps  in  increments  of  1000  fps  and  altitudes  from  sea  level 
to  300,000  ft  at  10,000-ft  intervals.  The  1959  ARDC  model  atmosphere 
has  been  used  to  specify  ambient  conditions  ahead  of  the  shock.  An  ef¬ 
fective  specific  heat  ratio,  ^  ,  has  been  tabulated  yvhich  permits  so¬ 
lution  of  oblique  shock  waves  according  to  the  method  given  in  NASA 
TR  R-63. 


TABLE  OF  CONTENTS 


FOREWORD  iii 

ABSTRACT  iv 

SYMBOLS  vi 

INTRODUCTION  1 

NORMAL  SHOCK  WAVE  SOLUTION  2 

Basic  Assiunptions  2 

Conservation  Equations  3 

Rankine-Hugoniot  Relations  4 

Solution  for  Real  Air  5 

COMPUTATIONAL  PROGRAM  6 

Normal  Shock  Wave  Calculations  6 

Stagnation*  Point  Calculations  11 

1 959  ARDC  MODEL  ATMOSPHERE  1 3 

RESULTS  14 

Normal  Shock  Wave  Parameters  14 

Tables  15 

Graphs  1 5 

Comparison  of  the  Results  with  Other  Solutions  16 

APPLICATION  TO  OBLIQUE  SHOCK  WAVES  18 

SUMMARY  1 9 

REFERENCES  21 

APPENDIX  24 

TABLE  I  -  Atmospheric  Properties  as  a  Function  of  Altitude  26 

TABLE  II  -  Normal  Shock  Wave  Parameters  27 

TABLE  III  -  Gas  Composition  Behind  Normal  Shock  Wave  58 

GRAPHS  -  Normal  Shock  Wave  Parameters  as  a  Function  of 

Altitude  89 


v 


a 

E 

H 

L 

M 

P 

R 

Re 

T 

V 

z 

(3 

y 

\ 

V- 

p 

Subscripts 

1 

2 


SYMBOLS 

speed  of  sound,  ft/ sec 
internal  energy,  ft- lb /slug 
enthalpy,  ft-lb/slug  =  ft^/sec^ 
reference  length  (Table  I),  feet 
Mach  number 
pressure,  psfa 
gas  constant,  ft-lb/slug- '’R 
Reynolds  number,  pVL/|ji 
temperature,  '■’R 
velocity,  ft/sec 
compressibility  factor 

dimensionless  enthalpy  parameter,  Eq.  (I9) 
specific  heat  ratio 
mean-free-path,  feet 
viscosity,  slugs/ft-sec 
density,  slugs/cu.ft 


conditions  ahead  of  shock  wave 
conditions  behind  shock  wave 

effective,  applied  to  specific  heat  ratio,  Eq.  (26) 
stagnation-point  conditions 
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INTRODUCTION 


As  indicated  in  Refs,  1  to  8,  there  have  been  published  a  number  of 
reports  of  real-air  solutions  for  normal  shock  waves  at  hypersonic 
speeds.  Although  these  reports  have  found  widespread  use,  it  was  felt 
that  a  more  extensive  compilation  than  now  exists  would  prove  worth¬ 
while.  Hence,  calculations  undertaken  for  other  programs  (see  for  ex¬ 
ample  Ref.  9)  were  extended  in  order  to  provide  a  comprehensive  tabu¬ 
lation  of  normal- shock-wave  solutions  for  equilibrium  air.  Also  included 
here  are  certain  conditions  at  the  stagnation-point  behind  the  normal 
shock.  In  addition,  the  gas  composition  behind  the  shock  is  tabulated. 

The  most  recent  1959  ARDC  model  atmosphere^^  has  been  used  to 
specify  the  ambient  conditions  ahead  of  the  shock  wave,  and  argon  has 
been  included  in  the  composition  of  the  air  model  used.  To  provide  a 
useful  tabulation,  velocity  and  altitude  have  been  taken  as  the  independent 
parameters,  and  the  increments  (1000  fps  in  velocity  and  10,  000  ft  in 
altitude)  have  been  chosen  to  provide  convenient  interpolation. 

The  solutions  have  been  obtained  using  an  IBM-704  computer  program 
made  available  by  Dr.  Russell  E.  Duff  of  the  Los  Alamos  Scientific 
Laboratory.  In  this  procedure,  the  machine  is  supplied  with  initial  con¬ 
ditions  and  estimates  of  the  conditions  behind  the  shock.  Because  the 
composition  behind  the  shock  is  computed  at  each  step  of  the  program, 
it  is  possible  to  use  an  arbitrarily  complex  model  for  air.  The  air  com¬ 
position  behind  the  shock  was  varied  somewhat  with  initial  velocity  to 
prevent  the  machine  from  seeking  negligibly  small  concentrations  of 
certain  species  at  low  velocities. 
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The  results  are  presented  as  tables  and  graphs  of  the  normal  shock 
wave  parameters,  p^f  p^,  p^/p^,  ^'2  •  ^.Iso,  cer¬ 

tain  conditions  at  a  stagnation- point  behind  the  normal  shock  are  given; 

namely,  /Hj ,  p^  /p^ ,  and  /Tp 
2#  2  2 

The  solution  to  oblique  shock  waves  can  be  obtained  by  the  method 
developed  by  Trimpi  and  Jones^^.  To  facilitate  the  application  of  the 
present  results  to  oblique  shock  calculations  by  their  method,  the  ef¬ 
fective  specific  heat  ratio,  ■y'^,  has  been  tabulated  also.  Use  of  Ref.  11 
and  the  present  report  permits  the  solution  of  any  oblique  shock  wave 
whose  normal  velocity  component  falls  within  the  range  of  the  present 
tables. 

In  the  present  report  the  air  behind  the  shock  has  been  assumed  to 
be  in  thermal  and  chemical  equilibrium.  There  are,  of  course,  two  ex¬ 
treme  states  for  the  region  behind  a  normal  shock  wave  at  hypersonic 
speeds;  they  are  thermo-chemical  equilibrium  as  assumed  here  and  the 
chemically  "frozen"  state  for  which  ideal  gas  tables  apply.  At  high  al¬ 
titudes  and  high  velocities,  both  states  can  exist  downstream  of  a  shock 
wave.  The  gas  will  be  "frozen"  immediately  downstream  of  a  shock 
wave,  but  will  pass  through  a  relaxation  zone  and  emerge  in  thermo¬ 
dynamic  and  chemical  equilibrium.  The  nonequilibrium  region  has  been 
the  object  of  several  studies  (for  example  Refs.  12-15)  which  have  re¬ 
sulted  in  computer  programs  to  obtain  numerical  solutions. 

NORMAL  SHOCK  WAVE  SOLUTION 
Basic  Assumptions 

The  assumptions  contained  in  the  present  work  are  those  commonly 
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made  in  obtaining  normal  shock  wave  solutions  for  real-air  in  thermo¬ 
dynamic  equilibrium.  They  are  that:  the  flow  is  uniform  and  steady; 
the  air  is  a  homogeneous  mixture  of  ideal  gases  each  obeying  its  own 
equation  of  state;  the  flow  is  adiabatic  and  inviscid;  the  flow  is  a  con¬ 
tinuum;  thermo -chemical  equilibrium  exists  behind  the  shockwave.  In 
addition,  the  atmospheric  properties  as  given  by  the  1959  ARDC  model 
atmosphere^ ^  exist  ahead  of  the  shock,  and  the  composition  of  the  air 
ahead  of  the  shock  is  taken  as  78.  09%  nitrogen,  20.98%  oxygen,  and 
0,93%  argon, 

Conservation  Equations 

The  equations  for  the  conservation  of  mass,  momentum,  and  energy 


across  a  normal 

shock  wave  are 

Mass 

= 

/^z 

(1) 

Momentum 

(2) 

Energy 

(3) 

where  the  subscripts  1  and  2  denote  the  conditions  ahead  of  and  behind 
the  shock,  respectively. 

Ahead  of  the  shock  the  air  is  at  low  temperature  and  the  ideal-gas 
relations  for  equation  of  state  and  speed  of  sound  are  applicable 


where  7',  =  1.4. 


(4) 

(5) 


I 
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The  other  information  required  to  obtain  the  solution  for  a  normal 
shock  wave  is  the  equation  of  state  of  the  gas  behind  the  shock.  This  is 
usually  represented  by  tables  of  the  thermodynamic  properties  of  air  at 
high  temperature,  e.g..  Refs.  16-21. 


Rankine-Hugoniot  Relations 


The  velocities  may  be  eliminated  from  the  conservation  equations 


(1-3),  and  relationships  obtained  which  contain  only  the  thermodynamic 

22 

properties.  These  are  the  well-known  Rankine-Hugoniot  relations 


v'hich  may  be  written 


or,  using  H  =  E  +  j  as 


(6) 


(7) 


These  relations  hold  for  both  real  and  ideal  gases  since  they  do  not  in¬ 
troduce  the  equation  of  state. 

Once  a  solution  to  either  of  these  equations  has  been  obtained,  the 
initial  velocity  may  be  found  from  Eqs.  (1)  and  (2)  as 

'  ■  «  «  fii/fi,-!  (8) 

Introducing  the  equation  of  state  for  the  gas  ahead  of  the  shock,  Eq.  (4), 
and  the  expression  for  the  speed  of  sound,  Eq.  (5),  the  initial  Mach 
number  is 
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Solution  for  Real  Air 


1 

I 


There  are  several  approaches  to  solving  the  Rankine-Hugoniot  re¬ 
lation,  say  Eq.  (6),  for  real  air  in  thermodynamic  equilibrium.  If  the 
ambient  conditions  p^ ,  p  T^,  and  ,  and  the  initial  velocity,  Vj, 
are  specified,  an  iterative  procedure  must  be  used.  This  involves  esti¬ 
mating  two  of  the  conditions  behind  the  shock,  say  p^  and  T^,  deter¬ 
mining  the  other  thermodynamic  properties  from  tables  (Refs.  16-20), 
and  calculating  both  sides  of  Eq.  (6)  and  the  right  side  of  Eq.  (8).  This 
process  is  repeated  until  the  left  and  right  sides  of  Eq,  (6)  are  equal  and 
the  specified  velocity  is  obtained  from  Eq.  (8)  to  within  the  desired  ac¬ 
curacy.  This  method  may  be  used  manually  or  with  a  high-speed  com¬ 
puting  machine  if  the  thermodynamic  tables  are  stored  in  the  computer. 

An  alternate  approach  is  to  specify  the  initial  ambient  conditions  and 
the  temperature  behind  the  shock,  but  not  the  initial  velocity.  Then  only 
Eq.  (6)  must  be  solved  by  iteration  after  which  the  velocity  is  calculated 
from  Eq.  (8).  This  technique  has  been  used  in  Ref,  8,  for  example. 

For  the  case  where  the  gas  ahead  of  the  shock  is  ideal,  as  we  have 

assumed  here,  there  exists  a  procedure  for  obtaining  a  solution  in  closed 

form.  If  the  equilibrium  thermodynamic  state  behind  the  shock  and  the 

initial  temperature  ahead  of  the  shock  are  specified,  the  Rankine- 

Hugoniot  relation,  Eq.  (6),  reduces  to  a  quadratic  equation  in  either  p^ 

or  p  ^,ov  in  their  ratios  to  the  known  conditions  behind  the  shock.  The 

exact  solution  for  the  density  ratio,  p  has  been  derived  inde- 

5  23* 

pendently  by  Hochstim  and  Golian  .  The  quadratic  equation  and  the 

*  Actually,  Hochstim  derives  the  equation  and  gives  a  solution  for  the 
ratio  p.J  P whereas  Golian  finds  p 
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solution  for 


Pz 


are 


(^)\ 

\fP,  \  Za  Ta 

/ 

L  J 

0 


(10) 


RT, 


RT, 


ZalL 


T, 


(11) 


Similarly,  for  the  pressure  ratio,  /p^,  one  can  derive  from  Eq.  (6) 
the  result 


VW  L  2,RT^ 


Jj^ 


=  0 


(12) 


Ji^^L[3!SjlZ!0±E1l  ] 

2(_ 


J.J  I  tRT.  r 


(13) 


Although  this  procedure  results  in  an  exact  solution,  it  is  not  used 
widely  because  the  equilibrium  state  behind  the  shock  rather  than  ahead 
of  the  shock  is  the  primary  independent  condition.  However,  it  is  a  con 
venient  means  of  checking  the  accuracy  of  iterative  solutions. 


COMPUTATIONAL  PROGRAM 
Normal  Shock  Wave  Calculations 

The  computational  program  has  two  phases:  the  calculation  of  con¬ 
ditions  immediately  behind  a  normal  shock  and  the  calculation  of  condi¬ 
tions  at  the  stagnation  point.  The  latter  was  added  at  CAL  to  Duff's 
original  program.  In  the  computer  program  the  machine  is  supplied  with 
the  temperature,  pressure  and  composition  of  the  gas  ahead  of  a  shock  of 
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specified  speed  and  also  with  initial  estimates  of  the  same  quantities 
behind  the  shock.  In  addition,  the  thermodynamic  properties  of  the  re¬ 
actant  and  product  gases  are  read  into  the  machine  by  means  of  "thermo- 

fit"  cards  which  supply  the  coefficients  in  polynomial  equations  fitted  to 

* 

the  tabulated  functions  ,  The  thermo-fit  equations  for  the  monatomic 

ga.ses  wore  nhtaMicd  b''  Tlio  thermo- I'i I,  equation.s  ior  the  diatomic 

gaacs  were  talccii  iron  the  wtu‘Ic  o-’  ?.*  ickctt  and  Cowan  i.‘'or 

it  was  necessary  to  use  two  sets  of  cards  covering  respectively  the 

temperature  range  500°K  to  3000*K  and  3000“K  to  12,  000°K. 

The  computing  program  was  essentially  as  follows: 

The  equilibrium  composition  corresponding  to  the  assumed  temperature 

and  pressure  are  calculated  by  an  iterative  suJulion  oi  Brincklcy b-:  iviatri,-: 

25  26 

equations  ’  .  With  a  tentative  chemistry  established,  the  equation  of 

state  is  known  and  the  specific  enthalpy  and  density  p  ^  iTjay  be  com¬ 
puted.  These  thermodynamic  variables  are  then  substituted  into  the 
Hugoniot  equation 


to  compute  an  improved  value  for  the  pressure  ratio  P2/P1'  which  is  used 
to  start  a  new  cycle.  When  the  relative  change  in  P^/Pj  P®*^  cycle  falls 
to  1  0  the  pressure  iteration  is  stopped  and  the  shock  speed  is  compu¬ 
ted  from  the  equation 


Z 


-'i^i 
j _ 

Pz 


(17) 


These  are  tabulated  in  the  Appendix. 
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At  this  point,  one  has  the  option  of  stopping  the  calculation  and  printing 
out  Vj  and  the  other  variables  as  functions  of  the  temperature  behind  the 
shock. 

For  the  present  purpose,  however,  it  was  more  convenient  to  vary 
until  the  specified  shock  speed  was  obtained.  Thus,  the  whole  set  of 
calculations  outlined  above  was  repeated  with  different  temperatures  until 

the  calculated  shock  speed  agreed  with  that  specified  within  an  error  of 

,  -1 
1  cm  sec 

The  convergence  of  the  multiply- iterative  calculational  scheme  des¬ 
cribed  above  was  found  to  depend  on  the  concentrations  of  the  independent 
components  used  in  the  I’rinckley  scheme  to  describe  the  composition  be¬ 
hind  the  shock.  A  mixture  of  thirteen  chemical  species,  N,  O,  A,  e’, 

,  N2'*  ,  ,  NO  ,  NO^  ,  ,  O’  ,  with  N  ,  O  ,  A  ,  e’  as  the 

independent  components  was  assumed  to  exist  behind  the  strongest  shocks. 
This  model  proved  generally  satisfactory  at  shock  speeds  of  14,  000  ft  per 
sec  and  above,  but  below  this  speed  the  concentration  of  electrons  be¬ 
came  too  low  (mole  fraction  ^  10  for  convergence.  Thus,  it  was  neces 
sary  at  this  point  to  drop  ionization  leaving  an  air  model  consisting  of  , 
©2  ,  A  ,  N  ,  O  ,  and  NO  with  the  molecules  N2  ,  ,  A  as  the  independent 

species.  Further  decreases  in  shock  speed  lowered  T2  below  3000“K  so 
that  it  was  necessary  to  shift  to  the  low-range  "thermo-fit"  cards. 

Finally,  at  very  low  shock  Mach  numbers,  the  concentrations  of  nitrogen 
and  nitric  oxide  became  too  low  for  the  machine  to  handle  and  it  was  neces 
sary  to  change  to  a  four- species  model  including  only  N2  ,  ,  A  ,  and  O. 

Actually,  the  concentration  of  atomic  oxygen  is  essentially  negligible  in 
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I 

l 

I 


I 


I 

I 

I 
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in  this  range,  but  its  inclusion  was  necessary  to  preserve  the  logic  of  the 
calctilation. 

The  air  models  described  above  were  used  in  the  regions  mapped  in 
Fig.  1.  In  some  cases  a  model  was  used  to  compute  one  or  two  points 
beyond  the  indicated  boundaries.  In  these  cases  of  overlapping  data  prefer¬ 
ence  was  given  to  that  arising  from  the  more  complex  air  model.  Where 
the  number  of  species  was  the  same,  preference  was  given  to  the  compu¬ 
tation  which  used  the  right  thermo-fit  cards  for  the  indicated  T^. 

This  overlap  gave  the  opportunity  for  comparison  of  the  air  models 
employed  in  the  program.  Table  1  gives  the  values  of  A  T^/T^ 

average 

and  A  p  2/P2  computed  from  the  overlapping  data  at  each  of  the 

‘‘average 

numbered  boundary  points  indicated  in  Fjg  1,  where  A  T^^  and  A  are 
the  differences  between  the  two  calculations.  It  is  clear  from  the  mi¬ 
nuteness  of  the  relative  errors  indicated  by  Table  1  that  the  air  models 
and  their  boundaries  are  reasonably  accurate. 

Another  source  of  error  is  the  thermodynamic  functions.  Fickett 
2  1- 

and  Cowan  forced  their  approximate  calculations  to  agree  with  those 

27 

performed  at  the  Bureau  of  Standards  over  the  range  3000'’K  6  T  £ 
5000°K.  The  necessary  corrections  when  extrapolated  to  IZ.OOO'K 
amounted  to  less  than  2%.  The  greatest  r-m-s  error  in  fitting  cubic 
equations  to  the  tabulated  data  was  in  the  low  range  thermo-fit  cards  and 
amounted  to  0.  26%  for  NO,  No  information  about  the  accuracy  of  the  fits 
for  the  atomic  constituents  is  available  to  the  authors. 
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TABLE  1 

TYPICAL  RELATIVE  ERRORS  AT  MODEL  BOUNDARIES 


FOR  POSITION  OF  POINTS  SEE  FIG.  1 


Point  No. 

l^^2i 

1  2I  ^^^^2^ 

1 

2.239  X  10"^ 

1 . 132  X  10’^ 

2 

3.254  X  10'^ 

1.247  X  10’® 

3 

5. 301  X 10‘^ 

2.  634  X  10‘® 

4 

-  -  — 

»  •  .  . 

5 

90.273  X  10"^ 

22.514  X  10"^ 

6 

115.624  X  10'® 

23.72  xlO’^ 

7 

109. 524  X  10'^ 

23.985  X  10’^ 

8 

109.110  X  10’^ 

25.154  X  10'^ 

9 

15.723  X  10"^ 

0 

10 

3. 305  X  10'^ 

0 

11 

7.284  X  10'^ 

0 

12 

6. 263  X  10'^ 

0 

13 

5.962  X  10"^ 

7. 704  X  10'^ 

14 

13.898  X  10'^ 

7.732  X  10’^ 

1  5 

7.375  X  10“^ 

2. 513  X  10'^ 

Stagnation- 

Point  Calculations 

The  procedure  adopted  for  calculating  the 

stagnation  point  values 

>  P  'p 

2  2 

is  based  upon  the  observation  that  T„  differs  little  from  T 

2  2 

and  consequently  the  compressibility  factor 

is  nearly  constant  along 

the  stagnation  streamline 
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EssjentiaUy,  tile  flow  chemistry  was  frozen  at  the  equilibrium 'cohaitibh 
immediately  behind  the  shock.  Thus^  one  may  assume  an  isentropie  com¬ 
pression  described  by  the  equation 


or,  on  defining 


by 


^  ^  ~  d-p' 


(18) 


IRT 

dH  .  d 

H 


(19) 


(20) 


It  is  now  assumed  that  P  =  constant  allowing  the  integration  of  Eq.  (20)  in 
the  form 


hi. 

f'x 


(21) 


or,  to  the  same  degree  of  approximation 


f'z 


=  /  + 


(22) 


This  equation  has  been  used  to  calculate  p™  ,  Note,  however,  that  by 

2 

eliminating  P,  Eq.  (22)  can  be  written  as 


(23) 


which  is  identical  to  Ecrnoulli's  equation  for  incompressible  flow.  This, 
of  course,  is  to  be  expected  since  we  have  in  essence  assumed  the  density 
to  be  constant  along  the  stagnation  streamline. 
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The  stagnation  temperature  has  been  determined  from  the  stagnation 


enthalpy,  since,  by  assumption,  is  constant  in  this  region.  Thus 

— ii-  =  — it-  r  /  +  —2 — 

T,  H,  ' 


(24) 


The  accuracy  of  the  calculated  values  of  p™,  and  T  have  been  spot- 

Z  2 

checked  using  Eq.  (23)  and  by  calculating  a  real-gas  isentropic  compres¬ 
sion  from  H_  to  (which  is  known  a  priori)  using  a  Mollier  diagram 
^  2 

for  air.  The  maximum  differences  amounted  to  no  more  than  2.  3%  in 

p™,  and  1%  in  T_  ,  and  in  general  were  much  less  than  these  values. 

^2  2 


1959  ARDC  MODEL  ATMOSPHERE 
The  1959  model  atmosphere^^  on  which  these  tables  are  based  is 
summarized  in  Tabic  I  This  new  model  is  an  extension  and  revision 
of  the  1956  model.  The  revisions  were  undertaken  after  satellite  data 
revealed  that  high  altitude  densities  were  considerably  larger  than  had 
hitherto  been  expected.  Below  a  geometric  altitude  of  approximately 
173,500  feet,  the  two  atmospheric  models  are  identical.  Above  that  al¬ 
titude  the  new  model  has  a  higher  density  (higher  by  a  factor  of  1  0  at 
300,000  feet)  and  a  lower  temperature  (a  difference  of  30'K  at  195,300 
feet).  In  the  1959  model,  as  in  its  predecessor,  the  molecular  weight 
of  air  is  taken  to  be  constant  up  to  300,  000  feet,  where  it  begins  to  de¬ 
crease  owing  to  dissociation  and  natural  stratifications. 


*  In  Tables  I  and  III  the  numbers  in  parentheses  indicate  the  power  of 
10  that  the  tabulated  number  is  to  be  multiplied  by. 
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RESULTS 


Normal  Shock  Wave  Parameters 

The  normal  shock  wave  parameters  that  have  been  selected  for 
presentation  here  are: 


,  the  density  ratio  across  the  shock 

p^/Pj  1  the  pressure  ratio  across  the  shock 

T^/T^  ,  the  temperature  ratio  across  the  shock 

,  the  compressibility  factor  behind  the  shock 

H^/H^  ,  the  enthalpy  ratio  across  the  shock 

Ht  /Hj^  ,  the  ratio  of  total  enthalpy  behind  the  shock  to  static 

^  enthalpy  ahead  of  the  shock 

p^  /p^  ,  the  ratio  of  stagnation  pressure  behind  the  shock  to 

^  freestream  static  pressure 

T,_  /T.  ,  the  ratio  of  stagnation  temperature  behind  the  shock  to 

2 

freestream  static  temperature 

'/  ^  ,  the  effective  specific-heat  ratio  as  defined  in  Eq,  (26) 

on  page  1  9 

The  velocity  behind  the  shock,  ,  can  be  determined  easily  from  the 
continuity  equation,  Eq.  (1),  that  is 

By  using  thermodynamic  charts  (AVCO's  Mollier  Diagram  for  Air,  Ref. 

5)  or  tables  (e.g.  ,  Ref.  16),  the  speed  of  sound,  a2  ■  may  be  determined 
knowing  ,  T^  ,  and  /0  2'  Then  the  Mach  number  behind  the  shock,  , 


H^/H) 

/H, 

2 


Pt/Pi 


Note  that  from  the  conservation  of  energy  H_  =  +  1/2  V  ‘ 

2  1  ^  '■ 

Hence,  this  can  be  determined  a  priori.  The  ratio  /H  is  tabu- 

2  ^ 

lated  only  for  convenience. 


can  be  calculated.  The  density  at  the  stagnation  point  downstream  oJ  the 

shock  can  be  found  from  thermodynamic  tables  . for.  air  knowing  ,  p„  , 

2  2 

and  Tm  ,  The  use  of  the  effective  specific  heat  ratio,  '/  ,  to  obtain 

1 2  e 

oblique  shock  wave  solutions  is  described  in  the  next  section  of  the  report. 
Tables 

The  normal  shock  wave  pareimeters  listed  above  are  tabulated  as 
functions  of  free- stream  velocity,  Vj  ,  in  Table  II.  Each  page  of  the 
table  is  for  a  specific  altitude.  The  free- stream  Mach  number,  ,  is 
also  listed.  The  ambient  pressure,  density,  temperature,  enthalpy,  and 
sonic  speed  for  each  altitude  are  also  given  at  the  top  of  each  table. 

The  gas  composition  behind  the  shock  wave  is  presented  in  Table  III 
with  the  species  concentrations  given  as  mole  fractions.  These  are  listed 
for  the  various  species  behind  the  shock  as  a  function  of  free- stream 
velocity.  Again  each  page  of  the  table  represents  a  single  altitude, 

Graphs 

Graphs  of  the  following  parameters  are  given  at  the  end  of  the  report: 

^2  "^2  ^2  ^"^2 

“77  —  Tj— 

The  presentation  in  the  graphs  differs  from  that  normally  used  for  normal 
shock  wave  parameters.  Generally,  the  parameters  have  been  plotted  as 
a  function  of  velocity  or  Mach  number  for  constant  altitude;  e.  g,  ,  Refs. 

1,  4,  7,  and  8.  Such  a  presentation  permits  direct  reading  of  the  desired 
velocity;  however,  interpolation  between  altitudes  is  sometimes  awkward. 
In  the  present  report  the  parameters  are  plotted  as  a  function  of  altitude 
for  constant  velocity.  The  nature  of  the  resulting  graph  permits  direct 
reading  of  the  altitude  and  simple  interpolation  for  the  velocity  which  is 
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plotted  in  1000-fps  intervals.  It  should  be  noted  that  only  in  Graph  T  of 
the  density  ratio,  p^l  do  any  of  the  velocity  curves  croae.  There 
the  curves  for  13,  000  fps  and  14,  000  fps  cross  the  11 , 000  fps  and  12,  000 
fps  curves.  This  behavior  of  the  density  ratio  is  related  to  oxygen  dis¬ 
sociation  occurring  behind  the  shock. 

Comparison  of  the  Results  with  Other  Solutions 

In  making  a  quantitative  comparison  of  the  present  results  with  other 
calculations,  the  density  ratio  ,  was  selected  as  the  parameter 

to  be  compared.  The  comparisons  were  made  over  the  Mach  number 
range  10  to  17  which  includes  the  region  where  oxygen  dissociation  occurs 
behind  the  normal  shock.  The  comparison  was  made  graphically  by  plot¬ 
ting  p^!  (O  versus  Mj  for  several  altitudes.  Altitudes  above  100,000 
feet  have  not  been  compared  because  of  increasing  differences  in  ambient 
conditions  for  the  various  atmospheric  models.  The  specific  altitudes 
and  references  compared  are  listed  in  the  following  table. 

TABLE  2 

ALTITUDES  AND  REFERENCES  COMPARED  WITH  PRESENT  RESULTS 
Altitude  Reference 


Sea  Level 
82,  020  ft’'' 
100,  000  ft 


12  4  7 

Bond  ,  Romig  ,  Feldman  ,  and  Batchelder 

Huber® 

13  4  7 

Bond  ,  Moeckel  ,  Feldman  ,  and  Batchelder 


*  Compared  with  present  results  for  80,  000  ft:  the  free- 
stream  temperatures  are  equal  for  80,  000  and  82, 020  ft 
and  the  atmospheric  pressure  differs  by  only  1.6%. 
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The  comparison  at  sea  level  showed  agreement  of  1%  or  better  for 


Mach  number  range  10  to  17j  the  average  difference  is  about  l  /2^o,  Fig. 
2a.  This  is  exceptionally  good  considering  that  the  data  being  compared 
with  the  present  results  were  read  from  graphs.  The  data,  however, 
were  consistently  higher  than  the  present  work  except  for  the  solution  of 
Ref,  2  from  Mach  10  to  12.5.  The  small,  but  consistent,  discrepancy 
may  be  attributable  to  the  inclusion  of  argon  in  the  air  model  of  the  pre¬ 
sent  work  or  to  differences  in  the  thermodynamic  properties. 

Huber's  results  at  82,020  feet  are  also  consistently  higher  than  the 
present  results  for  80,000  feet.  Fig.  2h.  Again,  however,  the  difference 
is  always  less  than  1%  and  averages  about  1  /2%  in  the  Mach  number 
range  10  to  17.  The  small  difference  in  atmospheric  pressure  at  these 
two  altitudes  (1.6%)  should  not  introduce  any  significant  error  in  the  com¬ 
parison  of  density  ratio. 

At  100,000  feet  altitude  the  data  being  compared  with  the  present  re¬ 
sults  show  considerably  more  scatter  than  at  sea  level.  Fig.  2c.  The  so¬ 
lutions  by  Bond^  and  Feldman"^  show  the  greatest  consistency  of  agree¬ 
ment  generally  to  within  1%;  however,  the  differences  are  sometimes  as 
large  as  2%.  Moeckel's  results^  are  well  below  the  other  data  for  Mach 

numbers  below  14,  At  Mach  14  to  17  they  agree  to  better  than  2%,  The 

7 

solutions  reported  by  Batchelder  et  al  do  not  follow  the  trend  consistent¬ 
ly,  being  low  below  Mach  14  and  high  above  Mach  14. 

APPLICATION  TO  OBLIQUE  SHOCK  WAVES 


A  method  of  solution  for  an  oblique  shock  wave  attached  to  a  surface 
at  arbitrary  angle  of  attack,  sweep  and  dihedral  has  been  given  by  Trimpi 
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and  Jones  in  Ref.  11 .  The  extensive  tabnlatipn  of  the  results  presented  - 
in  that  reference  are  applicable  to  any  real  gas  in  thermodynamic  equi¬ 
librium.  To  use  their  results  one  requires  a  knowledge  of  the  effective 
specific -heat  ratio  as  a  function  of  Mach  number  for  a  normal  shock 

wave  in  the  particular  gas  of  interest.  This  effective  specific-heat  ratio, 


which  is  defined  as 


-2 

M  -  / 

<  =  H  - ' 

'V 

has  been  calculated  for  all  the  normal  shock  wave  solutions  reported 
herein.  Thus  the  present  results  can  be  used  in  conjunction  with  Ref.  11 
to  determine  conditions  behind  oblique  waves  for  a  wide  range  of  veloci¬ 
ties  and  flow  deflections  in  the  earth's  atmosphere. 

The  procedure  for  obtaining  an  oblique  shock  wave  solution  using  the 
effective  value  of  specific-heat  ratio,  is  thoroughly  described  in 

Ref.  11  and  will  not  be  repeated  here. 


SUMMARY 

Solutions  for  normal  shock  waves  in  air  have  been  computed  for  ve¬ 
locities  from  2000  fps  to  26,000  fps  and  altitudes  from  sea  level  to 
300,000  feet.  The  1959  ARDC  Model  Atmosphere  has  been  used  to  define 
the  ambient  conditions  ahead  of  the  shock  wave.  In  addition  to  flow  con¬ 
ditions  just  behind  a  normal  shock  wave,  the  isentropic  compression  to 
a  stagnation  point  has  been  calculated  under  the  assumption  of  constant 
density  behind  the  shock.  Thermodynamic  equilibrium  is  assumed  in  all 


calculations. 


The  results  are  presented  in  tabular  and  graphical  Form.  In 'ad¬ 
dition  to  the  normal- shock  and  stagnation-point  parameters,  1h,e  compo 
sition  of  the  air  behind  the  shock  has  been  tabulated.  Also  included  in 
the  tables  is  the  effective  specific-heat  ratio,  Y which  can  be  used 
with  Ref.  11  to  obtain  solutions  to  oblique  shock  waves. 
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APPENDIX 


POLYNOMIAL  APPROXI2v4ATIONS  FOR^THERMODYNAMIC  FUNCTIONS 

The  use  of  the  thermp-fit  cards  has  been  described  in  the  text.  These 
cards  contain  the  coefficients  of  polynomial  equations  for  enthalpy  or  free- 
energy  as  a  function  of  temperature.  In  as  much  as  the  source  of  the 
thermodynamic  properties  of  high  temperature  air  is  pertinent  to  normal 
shock  wave  calculations,  the  equations  utilized  in  the  present  work  are 
given  here. 

Ahead  of  the  normal  shock  the  air  is  a  mixture  of  nitrogen,  oxygen, 

and  argon  molecules,  and  the  temperature  is  relatively  low,  The  enthalpy 

is  expressed  as  ^ 

H  (cal/mole)  =  a  +  bT  +  cT^  ,  T  (“K) 

where  the  coefficients  for  the  various  species  are 


Gas 

Temperature  Range 

a 

b 

c 

A 

250-400‘’K 

0 

4.9679750 

0 

Oz 

250-400“K 

2.8601800(1) 

6.6591078 

6.2596273(-4) 

Na 

250-400*K 

3,8580000 

6.9106551 

8.9250203{-5) 

At  the  high  temperature  behind  the  shock,  air  consists  of  a  mixture 
of  molecules,  atoms,  and  ions.  In  the  present  work  as  many  as  13  species 
are  assumed  to  be  present.  Because  of  the  large  range  in  temperature  be¬ 
hind  the  shock,  higher-order  polynomials  are  used,  and  in  some  cases  the 
coefficients  are  evaluated  for  discrete  temperature  ranges. 

The  equations  are 

Enthalpy,  —  -  =  a  +  bT  +  cT^  +  dT^  +  eT*^ 

Free  Energy,  -  a  (1  -  At>  -  bT  - 1  T^  -  |  T^  -  |  T^  -  k 

where  R  is  the  univeral  gas  constant,  is  the  heat  of  formation  of  the 
various  species,  and  k  is  a  constant  for  each  of  the  species. 

The  coefficients  and  constants  in  these  polynomials  have  been  evalu¬ 
ated  by  Fickett  and  Cowan  for  the  molecules  N^,  NO,  and  for  two 
temperature  ranges,  500  to  3000®K  and  3000  to  12,  000°K.  Duff  has  ob¬ 
tained  polynomial  fits  for  the  atoms  O  and  N  for  the  same  temperature 
ranges.  Since  the  ionized  species  occur  only  at  the  higher  temperatures, 
polynomicals  have  been  fitted  at  CAL  for  the  range  3000  to  10,000'K.  The 
coefficients,  the  heat  of  formation,  H°,  and  the  constant  k  are  given  on 
the  following  page. 


NUMBERS  IN  PARENTHESIS  INDICATE  POWER  OF  10  THE  NUMBER  IS  TO 
BE  MULTIPLIED  BY;  a.g,  2.II8(-3)B  2.118  *  I0'3 
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TABLE  rC  -  NORMAL- 

Altitude;  0  feet 

Pressure;  2116.2  psfa 
Density; 2.3769  x  IO“®alugs/ft® 


% 

2000 

1.791 

2.326 

3.569 

1.531 

3000 

2.687 

3.615 

8.309 

2.299 

4000 

3.583 

4.537 

16.00 

3.307 

6000 

4.479 

6.217 

23.69 

4.540 

6000 

6.374 

5.768 

34.41 

6.966 

7000 

6.270 

6.261 

47.22 

7.642 

8000 

7.166 

6.731 

62.18 

9.230 

9000 

6.062 

7.204 

79.31 

10.96 

10,000 

8.957 

7.697 

98.68 

12.64 

11,000 

9.863 

8.184 

120.2 

14.26 

12,000 

10.76 

8.617 

143.9 

15.86 

13,000 

11.64 

8.960 

169.6 

17.52 

14,000 

12.64 

9.198 

197.1 

19.31 

15,000 

13.44 

9.360 

226.6 

21.27 

16,000 

14.33 

9.610 

268.2 

23.28 

17,000 

16.23 

9.702 

292.0 

26.20 

18,000 

16.12 

9.941 

328.2 

26.96 

19,000 

17.02 

10.21 

366.6 

28.67 

20,000 

17.91 

10.49 

407.3 

30.05 

21,000 

18.81 

10.76 

450.1 

31.46 

22,000 

19.71 

11.03 

496.1 

32.78 

23,000 

20.60 

11.27 

642.2 

34.07 

24,000 

21.50 

11.49 

591.4 

36.36 

mtm 

22.39 

11.69 

642.7 

36.62 

26,000 

23.29 

11.66 

696.9 

37.91 

■SHOCK  WAVE  .PARAMETERS . 

Temperature;  5I6.69°6 

Enthalpy;  3.IOU7  *  10®  ft-lb/slug 
Sonic  Speed;  II 16.4  ft/sec 


3 

% 

% 

1.000 

1.625 

1.644 

4.527 

1 .660 

1.416 

1.000 

2.338 

2.449 

9.707 

2.408 

1.382 

1.000 

3.451 

3.577 

16.98 

3.427 

1.366 

I.QOO 

4.877 

5.026 

26.38 

4.678 

1.361 

I.OOQ 

6.621 

6.798 

37.91 

6.122 

1.336 

1.000 

8.687 

8.891 

51.62 

7.717 

1.320 

I.OOl 

11.08 

11.31 

67.52 

9.420 

1.303 

1.004 

13.78 

14.04 

85.63 

11.16 

1.287 

1.014 

16.83 

17.10 

106.0 

12.86 

1.270 

1  .030 

20.18 

20.49 

128.5 

14.47 

1.256 

1.063 

23.86 

24.19 

153.3 

16.07 

1.243 

1  .080 

27.85 

28.22 

180.2 

17.73 

1.236 

I.IIO 

32.19 

32.56 

209. 1 

19.63 

1.230 

1.138 

36.80 

37.24 

240. 1 

21.61 

1.227 

1 .466 

41.75 

42.23 

273.3 

23.53 

1.224 

1 .194 

47.02 

47.54 

308.7 

25.47 

1.220 

1.224 

52.62 

53.18 

346.5 

27.23 

1.215 

1.257 

58.56 

59.14 

386.4 

28.84 

1.210 

i  .292 

64.79 

66.42 

428.7 

30.32 

1.204 

1.330 

71.38 

72.02 

473.1 

31.72 

1.199 

lisa 

78.28 

78.95 

619.7 

33.06 

1.194 

1 .412 

86.50 

86.19 

668.6 

34.34 

1.190 

1.466 

93.04 

93.76 

619.6 

36.62 

1.186 

1.501 

100.9 

101.7 

672.7 

36.89 

1.183 

1.646 

109.0 

109.9 

727.9 

38.18 

1.180 
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SHOCK  WAVE  PARAMETERS 

Temperature:  483.0‘t‘’R 

Enthalpy:  2.8907  x  10^  ft-lb/slug 

Sonic  Speed!  1077.4  ft/»ec 


% 

Va 

1.000 

1.674 

1.692 

4.826 

1.701 

1.418 

I.OOQ 

2.443 

2.567 

10.39 

2.616 

1.336 

1.000 

3.637 

3.768 

18.20 

3.614 

1.368 

l.uoo 

6.168 

6.324 

28.29 

4.960 

1.353 

1.000 

7.041 

7.227 

40,67 

6.516 

1.337 

I.OOQ 

9.268 

9.476 

66.38 

8.231 

1.321 

I.OOl 

It. 82 

12.07 

72.46 

10.05 

1.304 

I.OOS 

14.74 

15.01 

91.91 

11.91 

1.287 

1.016 

18.00 

18.30 

113.8 

13.69 

1.270 

1.033 

21.62 

21.93 

138.0 

15.38 

1.254 

1.057 

26.68 

28.91 

164.6 

17.05 

1.242 

1.086 

29.86 

30.23 

193.6 

18.79 

1 .233 

I.II5 

34.60 

34.90 

224.6 

20.69 

1 .228 

I.U4 

39.46 

39.92 

257,9 

22.79 

1 .225 

1.172 

44.78 

46.28 

293.5 

24.95 

1 .223 

1.200 

50.44 

60.99 

331.6 

26.88 

1 .219 

1.231 

66.48 

67.04 

372.1 

26.82 

1.213 

1.284 

62.83 

63.44 

416.1 

30.49 

1.207 

1.300 

69.66 

70.19 

460.6 

32.03 

1 .202 

1.338 

76.61 

77.28 

608.2 

33.47 

1.196 

1.379 

84.04 

84.72 

668.4 

34.86 

I.I9I 

1.421 

91.76 

92.60 

610.8 

36.20 

1.187 

1.468 

98.88 

100.6 

666,6 

37.52 

1.183 

1.612 

108.3 

109.1 

38.83 

1.180 

1.660 

117. 1 

117.9 

SSDi 

40.17 
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Altitude! 

Pressure : 

DensI ty: 1 

TABLE  IT  -  NORMAL 

20,000  feet 

973.27  psfs 
.2673  X  lO'^lugs/ft^ 

-SHOCK  WAVE  PARAMETERS 

Temperatura!  447.43  °R 

Enthalpy:  2.8770  x  10®  ft-lb/slug 

Sonic  Speed;  1036.9  ft/sec 

V., 

V, 

% 

Va 

2000 

1.929 

2.526 

4.145 

1.641 

1.000 

1.630 

1.747 

5.176 

1 .759 

1.421 

3000 

2.893 

3.813 

9.642 

2.528 

1.000 

2.665 

2.681 

11.18 

2.642 

1.387 

4000 

3.858 

4.700 

17.39 

3.701 

1 .000 

3.852 

3.988 

19.61 

3.831 

1.370 

sooo 

4.822 

5.345 

27.45 

5.135 

1 .000 

5.504 

5.669 

30.50 

5.288 

1.364 

6000 

5.786 

5.868 

39.67 

6.794 

1.000 

7.526 

7.724 

43.86 

6.970 

1 .339 

7000 

6.751 

6.340 

54.71 

8.629 

1 .000 

9.920 

10.15. 

59.75 

8.827 

1.322 

8000 

7.716 

6.801 

72.05 

10.58 

I.OOl 

12.69 

12.95 

78.17 

10.80 

1.305 

9000 

8.680 

7.284 

91.95 

12.55 

1.005 

15.83 

16.13 

99.19 

12.78 

1.287 

10,000 

9.644 

7.803 

114.5 

14.43 

1.017 

19.37 

19.68 

122.8 

14.46 

1.269 

11,000 

10.61 

8.321 

139.6 

16.20 

1.035 

23.26 

23.60 

149.0 

16.43 

1.253 

12,000 

11.57 

8.780 

167.1 

17.94 

1.061 

27.64 

27.90 

177.7 

18.17 

1.240 

13,000 

12.54 

9.137 

196.9 

19.77 

1.090 

32. 18 

32.57 

208.9 

20.00 

1.231 

m,ooo 

13.60 

9.376 

228.9 

21.78 

I.I2I 

37.18 

37.61 

242.5 

22.02 

1.227 

15,000 

14.47 

9.627 

263.1 

24.00 

1.150 

42.53 

43.02 

278.5 

24.26 

1.224 

16,000 

15.43 

9.677 

299.8 

26.29 

1.178 

48.27 

48.81 

317.0 

26.67 

1.221 

17,000 

16.40 

9.886 

339.1 

28.42 

1.207 

64.41 

64.98 

358.1 

28.71 

1.217 

18,000 

17.36 

10.15 

381.1 

30.35 

1.238 

60.92 

61.52 

401.9 

30.64 

1.21  1 

19,000 

18.32 

10.44 

425.8 

32.09 

1 .271 

67.77 

68.43 

448.3 

32.38 

1.205 

20,000 

19.29 

10.74 

473.1 

33.69 

1.306 

76.07 

76.71 

497.4 

33.98 

1.199 

21,000 

20.25 

11.04 

523.0 

36.19 

1.346 

82. 63 

83.37 

549.0 

35.48 

1.194 

22,000 

21.22 

11.32 

676.3 

36.62 

1.388 

90. 68 

91.40 

603.1 

36.91 

1.169 

23,000 

22.18 

11.58 

630.0 

38.02 

1.431 

99.03 

99.80 

669.8 

38.30 

1.186 

24,000 

23.15 

11.82 

687.2 

39.39 

1.476 

107.7 

108.6 

719.0 

39.67 

I.I8I 

25,000 

24.11 

12.03 

746.8 

40.77 

1.523 

116.9 

1  17.7 

780.6 

41.05 

1.178 

26,000 

25.07 

12.21 

808.7 

42.16 

1.672 

126.4 

127.2 

844.8 

42.44 

1.175 
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Altitude;  30|000  feet 

Pressure:  629.66  P«f* 

0entlty:8.9068  x  I0~'^<lug«/ft^ 


TA61E  n  -  KORMAL-SHOCK  WAVE  PARAMETERS 

lO  feet  Temperature;  41 


Temperature;  4II.86°R 

Enthalpy:  2.4639  *  10^  ft-lb/slug 

Sonic  Speed;  994.86  ft/sec 


%  %, 


I 


Altitude: 

Pressure: 

0enslt/:3 

TABLE  H  -  N6RMAL 

50,000  feet 

243.61  psfa 

,6391  X  IO'‘*slugs/ft® 

-SHOCK  WAVE  PARAMETERS 

Temperature;  389,99°R 

Enthalpy;  2.3330X  10^  ft-lb/slug 

Sonic  Speed:  968.08  ft/sec 

D 

^7 

% 

V, 

% 

^rl 

Q 

2000 

2.066 

2.717 

4.775 

1 .757 

1 .000 

1.741 

1.857 

5.874 

1 .874 

1.423 

3000 

3.991 

11.07 

2.774 

1.000 

2.929 

12.76 

2.394 

1.391 

VOOO 

4.841 

19.96 

4.122 

1 .000 

4.429 

22.42 

4.263 

1 .373 

5000 

5.165 

5.454 

31.49 

5.773 

1.000 

6.358 

34.91 

5.941 

1 .357 

6000 

6.198 

5.952 

45.72 

7.682 

1 .000 

IQ 

8.715 

50.24 

7.879 

1.341 

7000 

7.231 

6.408 

62.75 

9.791 

1 .000 

11.24 

1  1 .50 

68.46 

10.01 

1 .325 

Bl 

8.264 

6,874 

82.66 

12.00 

(.002 

14.43 

14.72 

89.62 

12.25 

1 .306 

9000 

9.297 

7.405 

105.6 

14.14 

1 .008 

18.03 

18.36 

1 13.8 

14.39 

1 ,286 

(0.33 

7.997 

131.6 

16.08 

(.024 

22.09 

22.43 

141.0 

16.32 

1 .264 

11.000 

11.36 

8.585 

160.6 

17.86 

1 .047 

26.56 

26.93 

IBBi 

18.10 

1  .246 

12,000 

12.40 

9.099 

192.4 

19.63 

1 .077 

31 .47 

31.86 

204.2 

19.86 

1.232 

13,000 

13.43 

9.482 

226.7 

21.53 

I.MI 

36.82 

37.22 

240.0 

21.76 

1.223 

U.OOO 

14.46 

9.707 

263.5 

23.74 

1.(44 

42.56 

43.01 

278.6 

23.99 

I  .219 

15,000 

15.49 

9.833 

302.8 

26.25 

1.173 

48.70 

49.22 

319.9 

26.52 

1.217 

16,000 

16.53 

9.996 

345.0 

28.75 

1 .200 

55.28 

55.87 

364.1 

29.03 

1.214 

17,000 

17.56 

(0.25 

390.4 

30.98 

62.31 

62.94 

411.5 

31.27 

1 .209 

18,000 

18.59 

10.57 

439.0 

32.92 

1 .262 

69.81 

70.44 

461 .9 

33.21 

1.203 

19,000 

19.63 

(0.92 

490.7 

34.65 

1 .297 

77.69 

78.37 

515.4 

34.94 

1.196 

20,000 

20.66 

1 1 .27 

545.3 

36.23 

1  .335 

85.99 

86.73 

571.8 

36.52 

1.190 

21,000 

21.69 

11  .61 

602.8 

37.72 

1 .377 

94.79 

95.51 

631.1 

38.00 

1.184 

22,000 

22.73 

1 1 .93 

663.1 

39.14 

1 .420 

(04.0 

104.7 

693.4 

39.41 

1 .179 

23,000 

23.76 

12.23 

726.3 

40.52 

1 .466 

113.6 

1 14.4 

758.6 

40.79 

1.174 

24,000 

24.79 

12.49 

792.2 

41.90 

(.514 

123.6 

124.4 

826.7 

42.17 

25,000 

25.82 

12,73 

860.9 

43.28 

1 .563 

(34.1 

134.9 

897.6 

43.55 

26,000 

26.86 

12.93 

932.3 

44.69 

1 .614 

145.0 

145.9 

971.4 

44.95 

1.165 

5Z 


TABLE  H  -  NORMAL-SHOCK  WAVE  PARAMETERS 

AUltudas  60,000  feet  Temperature!  389.99 

Pressure:  151.03  psfa  Enthalpy:  2.3330  s  10^  ft-lb/slug 

0ensity:2.266l  «  lO'^^sIugs/ft^  Sonic  Speed:  968.08  ft/sec 

% 

^8 

% 

% 

2000 

2.066 

2.717 

4.776 

1.767 

1.000 

1.741 

1.867 

6.874 

1.874 

1.423 

3000 

3.099 

3.991 

11.07 

2.774 

1.000 

2.807 

2.929 

12.76 

2.894 

1.391 

9000 

4.132 

4.841 

19.96 

4.122 

1.000 

4.282 

4.429 

22.42 

4.263 

1.373 

5000 

6.165 

6.464 

31.49 

6.773 

1.000 

6.176 

6.358 

34.91 

5.941 

1.367 

6000 

6.198 

6.962 

46.72 

7.682 

1.000 

8.496 

8.716 

60.24 

7.879 

1.341 

7000 

7.231 

6.409 

62.76 

9.789 

I.OQO 

11.24 

11.50 

68.46 

10.01 

1.324 

8000 

8.264 

6.886 

62.69 

11.98 

1.002 

14.42 

14.72 

89.63 

12.22 

1.306 

9000 

9.297 

7.446 

106.7 

14.06 

I.OlO 

18.04 

18.36 

113.8 

14.30 

1.284 

10,000 

10.33 

8.070 

131.8 

16.90 

1.027 

22.09 

22.43 

141. 1 

16.14 

1.261 

11,000 

11.36 

8.688 

160.9 

17.69 

1.063 

26.59 

26.93 

171.3 

17.82 

1.243 

12,000 

12.40 

9.222 

192.7 

19.27 

1.084 

31.49 

31.86 

204.4 

19.49 

1.229 

13,000 

13.43 

9.613 

227.1 

21.12 

I.II9 

36.63 

37.22 

240.2 

21.34 

1.220 

14,000 

14.46 

9.827 

263.9 

23.31 

1.162 

42.56 

43.01 

278.8 

23.55 

1.216 

15,000 

16.49 

9.941 

303.2 

26.63 

I.I8I 

48.72 

49.22 

320.1 

26.09 

1.214 

16,000 

16.63 

10.12 

345.5 

28.27 

1.208 

66.31 

56.87 

364.4 

28.54 

I.2II 

17,000 

17.66 

10.40 

391.0 

30.40 

1.237 

62.47 

62.94 

411.8 

30.68 

1.206 

18,000 

18.69 

10.74 

439.7 

32.24 

1.270 

69.81 

70.44 

462.3 

32.62 

1.199 

19,000 

19.63 

II. II 

491.6 

33.87 

1.306 

77.72 

78.37 

616.8 

34.14 

1.192 

20,000 

20.66 

11.48 

646.2 

36.37 

1.346 

86.04 

66.73 

672.2 

36.64 

1.186 

21,000 

21.69 

11.84 

603.9 

36.77 

1.387 

94.80 

95.61 

631.7 

37.03 

1.180 

22,000 

22.73 

12.18 

664.3 

38.12 

1.432 

104.0 

104.7 

694.0 

38.38 

1.176 

23,000 

23.76 

12.48 

727.6 

39.43 

1.478 

113.6 

114.4 

769.3 

39.68 

1.170 

24,000 

24.79 

12.76 

793.7 

40.73 

1.627 

123.6 

124.4 

827.4 

40.98 

1.167 

26,000 

26.82 

13.01 

862.6 

42.06 

1.577 

134.1 

134.9 

898.4 

42.30 

1.163 

26,000 

26.86 

13.21 

934.0 

43.40 

1.629 

146.0 

146.9 

972.2 

43.65 

I.I6I 
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Attitude:  80,000  feet 

Preesure!  B8-t2S  pafa 
Den$lty!8.683l  x  I0'®sl uge/ft® 


TABLE  n  -  NORMAL-SHOCK  WAVE  PARAMETERS 

00  feet  Temperature:  3( 


Temperature:  389.99°R 

Enthalpy;  2.3330  x  10^  ft>1 b/sl ug 
Sonic  Speed:  968.08  ft/aec 


U,  Va 


.4  Jillaaj  . 


TABLE  H  - 

NORMAL 

-SHOCK  WAVE  fARAMETERS 

-■  --  ■ 

Altitude; 

90,000 

feet 

Temperature:  402.48 

Pretture: 

36.292 

pafa 

Enthalpy: 

2.4078 

X  10®  ft-lb/alua 

Denslty:s 

.2631  X  10 

■®slugs/ft® 

Sonic  Speed:  983.46  ft/eec 

D 

% 

V, 

% 

% 

2000 

2.034 

2.673 

4.622 

1.729 

1.000 

1.714 

I.B3I 

5.705 

1.846 

1.419 

3000 

3.050 

3.951 

10.73 

2.715 

1.000 

2.749 

2.  869 

12.37 

2.833 

1.390 

4000 

4.067 

4.810 

19.34 

4.020 

1.000 

4.178 

4.323 

21.74 

4. 158 

1.372 

5000 

6.084 

5.430 

30.61 

5.619 

1.000 

6.014 

6. 192 

33.84 

5.783 

1.357 

6000 

6. 101 

5.934 

44.31 

7.467 

i.OOO 

8. 261 

8.  476 

48.70 

7.659 

1.341 

7000 

7.118 

6.402 

60.82 

9.497 

1.000 

10.92 

1 1.  18 

66.36 

9.713 

1.323 

8000 

8. 135 

6.931 

80.24 

11.53 

1.004 

14.01 

14.29 

86.92 

11.76 

1.302 

9000 

9.  151 

7.  696 

102.8 

13.31 

1.016 

17.52 

17.82 

1  10.5 

13.54 

1,276 

10,000 

10.  17 

6.330 

128.3 

14.83 

1.039 

21.47 

21.77 

137.0 

15.04 

1.251 

11,000 

11.19 

9.036 

156.7 

16.22 

1.069 

25.81 

26.  13 

166.4 

16.41 

1.231 

12,000 

12.20 

9.627 

187.7 

17.65 

1.105 

30.58 

30.90 

198.5 

17.84 

1.217 

13,000 

13.22 

10.02 

221.1 

19.31 

1.142 

35.73 

36.09 

233.3 

19.50 

1.209 

14,000 

14.24 

10.18 

256.7 

21.47 

1.176 

41.30 

41.70 

270.7 

21.67 

1.207 

15,000 

15.26 

10.26 

294.8 

23.92 

1.201 

47.26 

47.72 

310,7 

24. 14 

1.206 

16,000 

16.27 

10.50 

336.1 

26.07 

1.228 

53.66 

54.  16 

353.8 

26.30 

1.202 

17,000 

17.29 

10.87 

380.7 

27.84 

1.258 

60.48 

61.01 

399.9 

28.07 

1.195 

18,000 

18.30 

11.29 

428.2 

29.34 

1.293 

67.74 

68.28 

449.0 

29.57 

1. 188 

19,000 

19.32 

11.73 

478.8 

30.67 

1.331 

75.40 

75.97 

501.0 

30.89 

I.I8I 

20,000 

20.34 

12.  16 

532. 1 

31.89 

1.373 

83.48 

84.0‘6I 

555.9 

32. 10 

1.174 

21,000 

21.35 

12.57 

588.3 

33.03 

1.417 

91.96 

\  92.58' 

613.7 

33.24 

1.  168 

22,000 

22.37 

12.96 

647.2 

34. 14 

1.463 

100.9 

10  1.  5 

674.3 

'34.94 

■ 

23,000 

23.39 

13.31 

708.9 

36.22 

1.612 

110.2 

110.9 

737.6 

35.42 

1.159 

24,000 

24.40 

13. 62 

773.2 

36.31 

1.563 

119.9 

120.6 

803.8 

36.51 

1.155 

26,000 

26.42 

13.90 

840.2 

37.42 

1.616 

130.1 

130.8 

872.8 

37.61 

1.152 

26,000 

26.44 

14.13 

909.8 

38.67 

1.870 

140.6 

141.4 

944.5 

38.76 

1.149 

36 


100,000  'fe«t 
Pressure:  23.085  psfe 
Den8lty:3.2m4  x  lO'^slujs/ft^ 


TABIE  n  -  MORMW.- SHOCK  WAVE  PARAMETERS 

)00  'feet  Temperature:  41 


Temperature:  418.79  ®R 

Enthalpy:  2.5054  *  10^  ft-lb/slug 

Sonic  Speed;  1003.2  ft/eec 


17,000 

18,000 

19,000 

20,000 

21,000 


22,000 

23,000 

24,000 

25,000 

26,000 


58.47 

77.18 

98.91 

123.5 

150.9 


180.7 
212.9 
247.0 

283.7 
323.5 


366.4 

412.3 

460.9 

612.3 

566.4 


623.1 

682.6 

744.4 

808.0 

876.9 


3.896 

5.431 

7.206 


9.  149 
I  1.06 
12. 69 
14.06 
15.32 


16.64 

16.22 

20.33 

22.68 

24.66 


26.26 

27.62 

28.82 

29.93 

30.97 


31.97 

32.96 

33.96 
34.07 
36.04 


4.052 

5.816 

7.976 


10.53 
3.51 
16.88 
20,  66 
24.  84 


265  58.18 

300  66.14 

1.339  72.51 

1.381  80.28 

1.42  6  88.44 


1.473  97.01 

1.623  106.0 
1.574  116.3 

1.628  126.1 

1.683  135.2 


10.78 

63.80 

13.77 

83.59 

17. 17 

106.3 

20.96 

131.8 

25.  15 

160. 1 

29.74 

191.0 

34.73 

224.4 

40.  12 

260.3 

46.90 

298.8 

62.09 

340.3 

58.68 

384.6 

65.66 

431.9 

73.04 

482.0 

80.83 

634.8 

89.01 

590.3 

97.69 

648.6 

106.6 

709.5 

116.0 

773.1 

126.7 

839.5 

135.9 

908.4 

Altitude; 

freaeure; 

Density;  2 

TABLE  U  -  NORMAL 

110,000  teat 

14.947  pefa 
.00I4X  I0'^lu9#/ft* 

-SHOCK  WAVE  PARAMETERS 

Temperature:  436.09 

Enthalpy;  2.6081  x  10^  tt-lt/atug 
Sonic  Speed:  1022.5  ft/sec 

-  - 

D 

^7 

m 

% 

^8 

% 

m 

2000 

1.956 

2.665 

4.266 

1.663 

1.000 

1.651 

1.768 

5.310 

1.781 

1.421 

3000 

2.934 

3.850 

9.917 

2.676 

1.000 

2.612 

2.729 

11.48 

2.691 

1.388 

>1000 

3.912 

4.730 

17.89 

3.782 

1.000 

3.935 

4.073 

20.  15 

3.914 

1.371 

5000 

4. 890 

5.368 

28.23 

5.258 

1.000 

5.634 

5.802 

31.34 

5.414 

1.355 

6000 

5.868 

5.  887 

41.00 

6.964 

1.000 

7.713 

7.915 

45.09 

7.  144 

1.339 

7000 

6.  846 

6.375 

56.29 

8.825 

i.OOl 

to.  18 

10.41 

61.44 

9.026 

1.322 

8000 

7.824 

6.962 

74.35 

10.62 

1.006 

13.04 

13.29 

80.51 

10.82 

1.297 

9000 

8.802 

7,713 

95.35 

12. 10 

1,022 

16.29 

16. 66 

102.4 

12.30 

1.268 

n 

9.780 

8.  522 

119. 1 

13.34 

1.048 

19.94 

20.21 

127.0 

13.52 

1.242 

11,000 

10.76 

9.283 

145.5 

14.50 

1.081 

23.97 

24.24 

154.2 

14.66 

1.222 

12,000 

11.74 

9.907 

174.3 

16.72 

1.119 

28.38 

28.66 

184.0 

15.88 

1.208 

13,000 

12.71 

10.29 

205.2 

17.24 

1.157 

33. 16 

33.46 

216.2 

17.40 

1.202 

|i|,000 

13.69 

10.38 

238.0 

19.32 

1.  187 

38. 27 

38. 56 

250.7 

19.50 

1.201 

15,000 

14.67 

10.47 

273.4 

21.56 

1.212 

43.81 

44.22 

287.8 

21.74 

1,201 

16,000 

15.65 

10.77 

311.8 

23.37 

1.239 

49.73 

50.  17 

327.7 

23.67 

1.  196 

17,000 

16.63 

1 1.20 

363.2 

24.83 

1.271 

66.06 

56.51 

370.6 

mgm 

18,000 

17.60 

1 1.67 

397.6 

26.06 

1.307 

62.76 

63.24 

416.  1 

HIS 

19,000 

18.58 

12.16 

444.4 

27.16 

1.346 

69.85 

70.34 

464.3 

27.34 

1.173 

20,000 

19.66 

12.63 

494.0 

28. 16 

1.389 

77.33 

77.83 

615.2 

28.33 

1.166 

21,000 

20.64 

13.08 

546.1 

29.11 

1.434 

85.18 

86.71 

668.7 

29.28 

1.160 

22,000 

21.62 

13.60 

600.8 

30.03 

1.482 

93.43 

93.97 

624.8 

30.20 

1.155 

23,000 

22.49 

13.88 

668.0 

30.94 

1.632 

102.0 

102.6 

683.6 

31.10 

I.I5I 

24,000 

23.47 

14.22 

717.7 

31.85 

1.686 

lll.l 

III. 6 

744.8 

mm 

1.147 

25,000 

24.45 

14.61 

779.9 

32.79 

1.639 

120.4 

121. 1 

808.7 

mm 

1.144 

26,000 

25.43 

14.76 

844.4 

33.78 

1 .694 

130.2 

130.8 

876.1 

33.93 

1.142 

AUltude: 

Pretsure;  8.8372  psfa 
Density: I,  2697  x  10'®aluga/ft® 


TABtE  U  -  WORMAt-SHflCK  WAVE  PAftAMETERS 

feet  Temperature: 


Temperature:  JtW.  37  -“-2 

Enthalpy;  2.7007  *  ID®  ft-lb/slug 
Sonic  Speed;  I0^i.5  ft/sec 


9.8H7 

10.07 

59.25 

12.60 

i2.85 

77.66 

16.71* 

16.00 

98.78 

19.26 

19.51 

122.5 

23.13 

23.40 

14  8.8 

27.38 

27.06 

177.5 

3i.98 

32.29 

208.6 

36.96 

37.29 

241.8 

^2.^7 

42.66 

277.6 

1*7.98 

48.40 

maM 

St.  08 

64. 5i 

357.4 

60.51* 

60.99 

401.4 

67.38 

67.84 

447.9 

74.57 

75.06 

497.0 

82.  i7 

82.65 

548.6 

90.  12 

90.  6  i 

602.7 

98.42 

98.94 

659.4 

107.  i 

107.6 

718.5 

il6.2 

ii6.7 

780. 1 

125.6 

i26.2 

844.2 

‘It, 

i.752 

1.420 

2.628 

i.387 

3.805 

i.370 

5.249 

1.354 

6.915 

1.339 

8.7i8 

1.320 

i0.40 

1.295 

11.74 

1.264 

i2.86 

i.238 

13.90 

i  .218 

i5.03 

i.204 

i6.5l 

1.198 

18.58 

i .  199 

20.70 

1.  198 

22.38 

1.193 

iitMljAfaMii.MHl 


Altitude;  130,000 
Pressure;  6.5735  psfa 
Density:8,  1891  X  lO'^lugs/ft^ 


TABLE  U  -  NOfiMAL-SHOCK  WAVE  PARAMETERS 

feet 


Temperature:  167.63°R 

Enthalpy;  2.7982  x  1 0^  f t-l b/sl ug 
Sonic  Speed;  1060. 1  ft/sec 


% 

% 

z 

2 

% 

"A'f 

V., 

2000 

1.887 

2.165 

3.961 

1.606 

1.000 

1.597 

1.715 

1.971 

1.725 

1.119 

3000 

2.830 

3. 755 

9.223 

2.156 

1.000 

2.919 

2.608 

10.72 

2.569 

1.386 

1000 

3.773 

1.653 

16.61 

3.677 

1.000 

3.726 

3.  859 

18.78 

3.701 

1.369 

5000 

1.7(7 

5.308 

26.27 

1.918 

1.000 

5.307 

5.167 

29.20 

5.096 

1.353 

6000 

5.660 

5.  811 

38.  16 

6.532 

1.000 

7.212 

7.133 

11.99 

6.702 

1.338 

7000 

6.603 

6.353 

52.11 

8.212 

I.OOl 

9.536 

9.756 

57.22 

8.130 

1.319 

8000 

7.616 

7.009 

69.33 

9.  808 

1.009 

12.21 

12.11 

75.01 

9. 997 

1.292 

9000 

8.190 

7.813 

89.01 

1  1.05 

1.027 

15.23 

15.17 

95.11 

11.22 

1.260 

10,000 

9.133 

8.718 

III. 2 

12.08 

1.056 

18.63 

18.87 

118.1 

12.23 

1.231 

11,000 

10.38 

9.528 

135.9 

13.06 

1.092 

22.39 

22.62 

113.8 

13.20 

1.211 

12,000 

11.32 

10.18 

162.7 

11.  11 

1.  131 

26.48 

26.73 

171.5 

11.27 

1.201 

13,000 

12.26 

10.53 

191.5 

15.56 

1.169 

30.92 

31.20 

201.5 

15.70 

1.195 

11,000 

13.21 

10.51 

221.9 

17.59 

1.197 

35.69 

36.02 

233.5 

17.71 

1.197 

15,000 

11.  15 

10.67 

251.9 

19.58 

1.220 

10.83 

11.20 

268.  1 

19.75 

1.196 

16,000 

15.09 

11.03 

290.9 

21.12 

1.218 

16.35 

16.71 

305.1 

21.29 

1.190 

17,000 

16.01 

1  1.52 

329.6 

22.33 

1.281 

52.21 

52.61 

315.3 

22.50 

1.  182 

18,000 

16.98 

12.01 

371.0 

23.36 

1.318 

58.18 

58.90 

387.7 

23.52 

1. 171 

19,000 

17.92 

12.57 

111.8 

21.28 

1.359 

65.07 

65.51 

132.7 

21.13 

1. 166 

20,000 

18.87 

13.08 

161.0 

25.  13 

1.103 

72.03 

72.17 

180.  1 

25.28 

1.159 

21,000 

19.81 

13.57 

509.7 

25.93 

1.119 

79.35 

79.80 

529.9 

26.07 

1.  151 

22,000 

20.75 

11.01 

560.7 

26.71 

1.198 

87.02 

87.18 

582.2 

26.85 

1. 119 

23 , 000 

21.70 

11.12 

611. 1 

27.18 

1.519 

95.03 

95.53 

636.9 

27.61 

1.  Ill 

21,000 

22.61 

11.79 

669.8 

28.26 

1.603 

103.1 

103.9 

691.0 

28.39 

1.  Ill 

25.000 

23.58 

15.  10 

727.8 

29.07 

1.658 

112.  1 

112.7 

753.5 

29.20 

1.138 

26,000 

21.63 

15.36 

788.0 

29.93 

1.715 

121.2 

121.8 

815.1 

30.05 

1.136 

4C 


TABLE  H  -  NORMAL-SHOCK  WAVE  PARAMETERS 


Altitude!  ttjo.OOO  feet 

Pressure:  4.4652  pefa 
Density: 5. 3640  x  10'®8lug8/ft® 


Temperature:  483.  &6°I{ 

Enthalpy;  2.8957  x  10®  ft-lb/slug 
Sonic  Speed:  1078.  3  ft/sec 


Altitude:  150,000  feet 

Pressure;  3.0597  psfa 
Density;  3.56112  X  I0'§1ugs/ft^ 


TABLE  H  -  MORMAL-SHOCK  WAVE  PARAMETERS 

100  feet  Temperature:  5( 


Temperature:  SCO.Il^R 

Enthalpy;  2.9931  x  10^  ft-lb/slug 
Sonic  Speed:  1096.3  ft/sec 


^7 

i.824 

2.374 

2.736 

3.664 

3.6^9 

4.578 

4.56i 

5.250 

5.473 

5.796 

% 

% 

^rt 

I 


§ 


I 

■ 

I 

I 

I 

I 


I 

I 

I 

i 

1 

1 

I 

I 

I 

I 


TABLE  H  - 

NORMAL 

-SHOCK 

WAVE  PARAMETERS 

Altitude: 

160,000 

feet 

Taisperature 

;  60g.79°R 

Pressure; 

2.1247 

psfa 

Enthal py: 

3.0452 

X  10®  ft 

-Ib/slug 

Density: 2 

.4329  X  10 

■®slugs/ft® 

Sonic  Speed 

• 

1105.7  ft/sec 

m 

^7 

m 

V, 

2. 

^t! 

yH, 

2000 

1.809 

2.351 

3.631 

1.544 

1.000 

1.538 

1.657 

4.605 

1.664 

1.417 

3000 

2.713 

3.641 

8.472 

2.327 

1.000 

2.366 

2.478 

9.889 

2.436 

1.383 

4000 

3.618 

4.559 

15.30 

3.355 

1.000 

3.500 

3.627 

17.30 

3.476 

1 .366 

5000 

4.522 

5.235 

24.15 

4.613 

1  .000 

4.954 

5.105 

26.83 

4.752 

1.351 

6000 

5.426 

5.785 

35.08 

6.064 

1  .000 

6.732 

6.91 1 

38.64 

6.223 

1.336 

7000 

6.331 

6.341 

48.24 

7.593 

1.002 

8.844 

9.045 

52,66 

7.765 

1.315 

8000 

7.235 

7.  107 

63.94 

8.882 

1.013 

11.29 

11.51 

69. 10 

9.046 

1.283 

9000 

8.  140 

8.052 

82.  19 

9.854 

1.036 

14.09 

14.30 

87.96 

9.998 

1.249 

10,000 

9.044 

9.012 

102.8 

10.68 

1.068 

17.22 

17.42 

109.1 

10.81 

1.222 

11,000 

9.948 

9.884 

125.5 

1  1.48 

1.106 

20.66 

20.87 

132.5 

11.59 

1.203 

12,000 

10.65 

10.55 

150.2 

12.41 

1.146 

24.42 

24.64 

158.0 

12.52 

I.I9I 

13,000 

1 1.76 

10.83 

176.6 

13.78 

1.183 

28.50 

28.75 

185.5 

13.89 

1.188 

14,000 

12.66 

10.75 

204.4 

15,76 

1.207 

32.89 

33.18 

214.9 

15.89 

1.191 

15,000 

13.57 

10.96 

235.0 

17.43 

1.230 

37.63 

37.94 

246.8 

17.57 

1.189 

16,000 

14.47 

11.42 

268.3 

18.65 

1.260 

42.69 

43.03 

281.2 

18.80 

1.181 

17,000 

15.37 

1  1.98 

304.2 

19.61 

1.294 

46.10 

48.45 

318.0 

19.75 

1.173 

18,000 

16.28 

12.57 

342.3 

20.43 

1.333 

53,84 

54.20 

357.1 

20.56 

1.165 

19,000 

17. 18 

13.15 

382.8 

21.17 

1.376 

59.91 

60.27 

398.5 

21.29 

1.157 

20,000 

18.09 

13.72 

425.4 

21 .85 

1.420 

66.30 

66.68 

442. 1 

21.97 

1.151 

21 ,000 

18.99 

14.25 

470.3 

22.49 

1.468 

73.03 

73.41 

488.0 

22.60 

1.145 

22,000 

19.90 

14.74 

517.4 

23.12 

1.518 

80.07 

80.47 

536.2 

23.23 

1.  140 

23,000 

20.80 

15. 19 

566.6 

23.75 

1.571 

87.46 

87.86 

586.5 

23.85 

1.  136 

24,000 

21.71 

15.58 

617.9 

24.40 

1.625 

95.16 

95.57 

639. 1 

24.50 

1.133 

25,000 

22.61 

15.92 

671.4 

25.07 

1.682 

103.2 

103.6 

693.9 

25.17 

1.130 

26,000 

23.51 

16.20 

726.9 

25.79 

1.740 

111.5 

112.0 

750.8 

25.89 

1.128 

43 


TABLE  n  -  HORMAL-SHOCK  WAVE  PARAMETERS 


Altitude;  170,000  feet 

Pressure:  l.fVSil  pefa 
Den 8 1 ty : 1 . 6929  x  IO”®sl ugs/f t^ 


Temperature:  508.79°R 

Enthalpy:  3.0452  %  10®  ft-lb/slug 

Sonic  Speed:  1105.7  ft/sec 


% 

V, 

% 

^r! 

2000 

1.809 

2.351 

3.631 

1.544 

1.000 

1.538 

1.657 

4.  605 

1.664 

1.417 

3000 

2.713 

3.641 

3.  472 

2,327 

1.000 

2.366 

2.478 

9.886 

2.436 

1.383 

4000 

3.618 

4.559 

15.30 

3.355 

1.000 

3.500 

3.627 

17.30 

3.476 

1  .366 

5000 

4.522 

6.235 

24.15 

4.613 

1.000 

4.954 

5. 105 

26.88 

4.752 

1.351 

6000 

5.426 

5.786 

35.08 

6.063 

1.000 

6.732 

6.91  1 

38.64 

6.222 

1.336 

7000 

6.331 

6.353 

46.25 

7.579 

1.002 

8.841 

9.045 

62.67 

7.750 

1.314 

8000 

7.235 

7.151 

64.01 

8.824 

1.014 

11.30 

11.61 

69. 13 

8. 985 

1.281 

9000 

8.  140 

8.  127 

82.30 

9.755 

1.038 

14.10 

14.30 

88.00 

9. 894 

1.246 

10,000 

9.044 

9.110 

102.9 

10.55 

1.071 

17.22 

17.42 

109.2 

10.67 

1.219 

11,000 

9.948 

10.00 

125.6 

11.33 

1.109 

20.66 

20.87 

132.6 

11.44 

1.200 

12,000 

10.85 

10.68 

150.4 

12.24 

I.I5I 

24.42 

24.64 

158.1 

12.34 

1.188 

13,000 

11.76 

10.92 

176.7 

13.64 

1. 187 

28.51 

28.75 

185.6 

13.75 

1.  186 

14,000 

12.66 

10.82 

204.6 

15.64 

1.209 

32.90 

33.18 

215.0 

15.77 

1.190 

15,000 

13.57 

1 1.06 

235.2 

17.26 

1.233 

37.63 

37.94 

246.9 

17.40 

1 . 187 

16,000 

14.47 

11.55 

268.6 

18.42 

1.263 

42.70 

43.03 

281.3 

18.56 

1.179 

17,000 
18,000 
1 9, 000 
20,000 
21,000 
22,000 
23,000 
2>t,000 
25.000 
26,000 


48.  10 
53.85 
59.92 
66.32 
73.04 
80.09 
87.47 
95.17 
103.2 
111.5 


Altitude:  180,000  feet 

Pressure:  1.0272  psfe 
Density:  I.  2028  x  I0*®slug8/ft3 


TABLE  n  -  NORMAL-SHOCK  WAVE  PARAMETERS 

)00  feet  Temperature:  4i 


Temperature:  497.*(9'’R 

Enthalpy:  2.9773  x  10®  ft-lb/slug 

Sonic  Speed:  1093.  4  ft/sec 


V, 

Hr! 
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Attitude!  190,000  feet 

Pres8urei7,0278  X  lO'iIsfa 
Den$lty:8.65l7  x  lO'^eluge /f t^ 


TABLE  S  -  NORMAL-SHOCK  WAVE  PARAMETERS 

00  feet  Temperature:  't73.'24®R 


Temperature:  't73.'24®R 

Enthalpy;  2.8319  x  10®  ft-lb/slug 
Sonic  Speed!  1066.4  ft/sec 


11 

% 

V, 

% 

2000 

1.875 

1.706 

3000 

2.813 

3.739 

9,  1  13 

2.437 

1.000 

2.475 

2.589 

4000 

3.751 

4.639 

16.44 

3.544 

i.OOO 

3.693 

3.825 

5000 

4.689 

5.298 

25.96 

4.899 

1.000 

5.255 

5.414 

6000 

5.626 

5.836 

37.71 

6.461 

1.000 

7.167 

7.356 

7000 

6.564 

6.412 

51 .89 

8.070 

1.003 

9.441 

9.652 

8000 

7.602 

7.260 

68.90 

9.338 

1.016 

12.08 

12.30 

9000 

8. 440 

8. 286 

88.64 

10.27 

1.042 

15.09 

15.30 

10,000 

9.377 

9.312 

110.8 

11.07 

1.076 

18.44 

18.66 

11,000 

10.32 

10.24 

135.3 

11.86 

I.II5 

22.16 

22.36 

12,000 

11.25 

10.92 

162.0 

12.82 

1.157 

26.21 

26.42 

13,000 

12. 19 

11.10 

190.2 

14.38 

1.192 

30.59 

30.84 

14,000 

13.13 

10.97 

220.2 

16.55 

1.213 

35.30 

35.61 

15,000 

14.07 

1 1.26 

253.2 

18. 19 

1.237 

40.40 

40.73 

16,000 

15.00 

11.79 

289.3 

19.35 

1.268 

45.85 

46.20 

17,000 

327.9 

20.27 

t.304 

51.68 

52.03 

18,000 

16.88 

13.05 

369. 1 

21.06 

1.343 

57.84 

58.21 

19,000 

17.82 

13.68 

412.7 

21.76 

1.386 

64.37 

64.74 

20,000 

18.75 

14.29 

458.7 

22.42 

1.432 

71.26 

71.62 

21,000 

19.69 

14.86 

507.1 

23.05 

1.481 

78.48 

78.86 

22,000 

20.63 

15.39 

567.9 

23.66 

1.532 

86.07 

86.46 

23,000 

21.57 

15.87 

610.9 

24.28 

1.586 

94.00 

94.40 

24,000 

22.51 

16.30 

666.3 

24.91 

t.642 

102.3 

102.7 

25,000 

23.44 

16.66 

723.9 

25.57 

1.699 

110.9 

1 1 1.4 

26,000 

24.38 

16.94 

783.7 

26.30 

1.758 

119.9 

120.4 

^'4 


10.71 

18.57 

28.86 

m.50 


56.60 
7H.33 
9^.66 
I  17.11 

142.6 
"l70.1 

199.6 
231.2 

265.6 

302.6 


342.3 

384.4 
428.9 
476.0 

625.4 


2.558 

3.670 

5.046 

6.630 


8.250 

9.504 

10.41 

11.19 

11.97 


12.92 

14.49 
16.69 
18.33 

19.49 


20.40 

21.18 

21.88 

22.53 

23.15 


631.5  24.37  1.130 
688.1  25.00  1.127 
747.0  25.66  1.124 
808.3  26.39  1.122 


TABLf  n  -  HORWAt-SHOCK  WAVE  PARAMETERS 


AUitu4«!  200,000 
Pressure '.'ll  71 5 1  x  lO'tsfa 
Den8ity:6.  1 1  80  x  10"^ slugs /ft® 


Teweerature;  41*9. 00®R 

Enthalpy:  2.  686'!  x  10®  ft-lb/slug 

Sonic  Speed;  1038.7  ft/sec 
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TABLE  n  - 

NORMAL 

-SHOCK 

WAVE  PARAMETERS 

-  ■ 

Altitude:  210,000  feet 

Pressure:3.0955  x  lO'^pefa 

Density:  1.2454  x  i  0*^slugs/ft® 

Temperature: 

Enthalpy;  2.5413 

Sonic  Speed: 

424.79'R 

X  10®  ft-l b/s! ug 
1010,3  ft/sec 

V, 

% 

% 

2000 

3000 

4000 

1.980 

2.969 

3.959 

4.755 

18.32 

3.853 

1.000 

4.008 

1 .787 

2.771 

4.  148 

20.63 

3.987 

1.371 

5000 

4.949 

5.388 

28.91 

5.366 

1.000 

5.748 

5.919 

32.09 

6.524 

1.356 

6000 

5.939 

5.906 

42.00 

7.110 

1.000 

7.877 

8.083 

46.17 

7.293 

1.339 

7000 

6.929 

6.490 

57.82 

8.880 

1.003 

10.40 

10.  64 

63.00 

9.076 

1.315 

eooo 

7.916 

7.388 

76.86 

10.21 

1.018 

13.35 

13.59 

82.80 

10.39 

1.276 

9000 

8.908 

8.467 

98.93 

11.18 

1.045 

16.71 

16.94 

105. 1 

1 1.33 

1.239 

10,000 

9.898 

9.637 

123.7 

12.01 

1.080 

20.46 

20.68 

130.9 

12.14 

I.2II 

11,000 

10.89 

10.50 

151. 1 

12.84 

I.I2I 

24.58 

24.81 

159.0 

12.95 

i.l92 

12,000 

11.88 

11.  19 

180.8 

13.39 

1.163 

29.10 

29.33 

189.6 

14.00 

I.I8I 

13,000 

12.87 

11.29 

212. 1 

15.71 

1.197 

33.98 

34.25 

222.4 

15.83 

1. 181 

14,000 

13.86 

11.13 

245.5 

18. U 

1.216 

39.24 

39.56 

257.6 

18.28 

1.186 

15,000 

14.85 

11.48 

282.6 

19.83 

1,2m 

44.91 

45.27 

296.0 

19.98 

1.  IBI 

16,000 

15.84 

12.06 

322.8 

21.03 

1.273 

51.00 

61.37 

337.4 

21.17 

1.172 

17,000 

16.83 

12.72 

366.0 

21.98 

1.309 

57.49 

57.86 

381.6 

22.11 

1.163 

18,000 

17.82 

13.40 

412.0 

22.79 

1.349 

64.37 

64.75 

428.5 

22.92 

1.  155 

19,000 

18.81 

14.06 

460.7 

23.52 

1.383 

71.64 

72.03 

478.2 

23.64 

1.147 

20,000 

19.80 

14.70 

512.0 

24.21 

1.439 

79.30 

79.70 

630.6 

24.32 

I.I4I 

21,000 

20.79 

15.29 

566.0 

24.86 

1.489 

87.36 

87.77 

585.7 

24.96 

1.135 

22,000 

21.76 

16.85 

622.6 

25.50 

1.541 

85.82 

96.23 

643.5 

25.60 

1.130 

23,000 

22.77 

16.35 

681.8 

26.14 

1.595 

104.7 

105.  1 

704.0 

26.24 

1.126 

24,000 

23.76 

16.80 

743.6 

26.80 

1.651 

113.9 

114.3 

767.1 

26.89 

1.123 

25,000 

24.76 

17.18 

807.9 

27.51 

1.710 

123.5 

124.0 

832.9 

27.60 

1.120 

26,000 

25.73 

17.47 

874.7 

28.28 

1.770 

133.5 

134.0 

901.2 

28.38 

1.118 

48 
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TABLE  H  -  NORMAL-SHOCK  WAVE  PARAMETERS 


Altitude:  230,000  feet 

Pressure:  1.2368  X  lO'^psfa 
Density; I. 9141  x  IO“^slugs/f t^ 


Temperature:  376.44°R 

Enthalpy:  2.25i9  x  10®  ft-lb/slug 

Sonic  Speed:  98l.il  ft/sec 


D 

% 

V, 

% 

y/% 

M 

m 

2000 

3000 

4000 

ft  1  AO 

IW  J 

3.  154 

4.206 

4.876 

20.68 

4.240 

1 .000 

4.402 

1.888 

2.998 

4.553 

23.21 

4.384 

— 

1 .374 

5000 

5.257 

5.480 

32.62 

5.952 

1.000 

6.364 

6.551 

36.15 

6.124 

1.358 

6000 

6.308 

5.978 

47.37 

7.924 

1 .000 

8.776 

8.993 

52.03 

8.  126 

1.341 

7000 

6.577 

65.28 

9.885 

1 .004 

11.63 

11.88 

71,04 

10.10 

1.315 

8000 

7.536 

86.87 

1  1.29 

1.021 

14.96 

15.21 

93.44 

1  1  .48 

1.273 

9000 

mm 

8.668 

III. a 

12.30 

1.050 

18.75 

18.98 

1 19.  1 

12.46 

1.236 

10,000 

9.791 

139.9 

13.16 

1.086 

22.97 

23.20 

147.8 

13.29 

1  .207 

11,000 

11.57 

10.79 

170.8 

14.05 

1.127 

27.62 

27.  87 

179.6 

14.  17 

1.  187 

12,000 

12.62 

1 1.49 

204.4 

15.21 

1.170 

32.72 

32.97 

214. 1 

15.32 

1 .  177 

13,000 

13.67 

11.47 

239.6 

17.39 

1.201 

38.23 

38.52 

251.1 

17.52 

1 .  179 

14,000 

14.72 

11.32 

277.4 

20.09 

1.219 

44.16 

44.62 

290.8 

20.24 

1.184 

15,000 

15.77 

1 1.74 

319.4 

21.85 

1.245 

50.  57 

50.96 

334.2 

22.01 

1.178 

16,000 

16.82 

12.37 

365.0 

23.09 

1.278 

57.45 

57.84 

382.4 

23.24 

1.168 

17,000 

17. 87 

13.07 

413.8 

24.07 

1.315 

64.76 

65.  17 

430.9 

24.21 

ng| 

18,000 

18.92 

13.79 

465.8 

24.92 

1.356 

72.53 

72.94 

484.0 

25.05 

MM 

19,000 

19.98 

14.49 

520.9 

25.68 

1.400 

80.74 

81. 15 

540.1 

25.80 

1.143 

20,000 

21.03 

15.  16 

678.9 

26.39 

1.447 

89.40 

89.81 

599.4 

26.50 

1 .136 

21,000 

22.08 

15.79 

640.0 

27.08 

1.497 

98.49 

98.92 

661.6 

27. 19 

1.  131 

22,000 

23.13 

16.37 

703.9 

27.75 

1.550 

108.0 

109.5 

726.8 

27.85 

1.126 

23,000 

24.18 

16.90 

770.9 

28.43 

1.605 

118.0 

1  18.5 

795.1 

28.53 

1.122 

24,000 

26.23 

17.37 

29. 13 

1.662 

128.4 

128.9 

866.4 

29.23 

1.  119 

25,000 

26.29 

17.77 

29.87 

1.721 

139.3 

139.8 

940.6 

29.96 

I.II6 

26,000 

27.34 

18.08 

988.9 

30.71 

1.782 

150.6 

151. 1 

1018. 

30.81 

1. 1 14 
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TABLE  n  -  NORMAL-SHOCK  WAVE  PARAMETERS 


Attitude:  240,000 


feat 


Prassure:7,4774  x  10'^  PSfa 
Density:  1.2365  x  lO'^sl ugs /f t^ 


Temperature:  352.30°R 

Enthalpy.  2.1076  x  10®  ft-lb/slug 
Sonic  Speed;  920.11  ft/sec 


131 


m 

m 

V, 

2. 

HI 

2.  174 

3.260 

4.347 

4.939 

22.09 

4.473 

1.000 

4.639 

1.949 

3.135 

4.796 

24.78 

4.623 

1.375 

5000 

5.434 

5.528 

34.85 

6.304 

1.000 

6.735 

6.931 

38.60 

6.481 

1.359 

EOOO 

6.521 

6.015 

50.61 

8.413 

1.000 

9.302 

9.541 

55.58 

8.621 

1.342 

7000 

7.608 

6.626 

69.77 

10.48 

1.004 

12.36 

12.62 

75.92 

10.70 

1.315 

8000 

8.  695 

7.619 

92.90 

11.93 

15.91 

16.18 

99.86 

12.13 

1.272 

9000 

9.781 

8. 782 

119.6 

12.95 

1.052 

19.96 

20.22 

127.3 

13.11 

1.233 

10,000 

10.87 

9.933 

149.7 

13.84 

1.083 

24.48 

24.72 

158.2 

13.97 

1.205 

am 

1 1.96 

10.95 

182.7 

14.76 

1.130 

29.46 

29.71 

192.  1 

14.88 

1.  186 

12,000 

13.04 

1  1.65 

218.6 

15.99 

1.  173 

34.90 

35.16 

228.8 

16.11 

1.  175 

13,000 

14.  13 

1 1.56 

256.2 

18.41 

1.203 

40.78 

41.09 

268.5 

18.55 

1. 178 

14,000 

15.22 

1 1.43 

296.6 

21.25 

1.221 

47. 12 

47.50 

311.0 

21.41 

1.  182 

15,000 

16.30 

1 1.88 

341.6 

23.05 

1.243 

53.98 

54.38 

357.3 

23.21 

1.176 

IBB 

17.39 

12.54 

390.4 

24.30 

1.281 

61 .32 

61.73 

407.5 

24.45 

1.166 

17,000 

18.48 

mgM 

442.7 

25.31 

1.313 

69.  14 

69.56 

461.  1 

25.45 

1.  157 

18,000 

19.56 

lii 

498.3 

26.17 

1.359 

77.45 

77.87 

617.5 

26.30 

1.148 

19,000 

20.65 

14.72 

657.  1 

26.95 

1.404 

86.22 

86.64 

577.7 

n.^1 

1.  141 

20,000 

21.74 

15.41 

619.2 

27.69 

1.451 

95.46 

641.  1 

27.81 

1.134 

21,000 

22.82 

16.06 

684.5 

28.39 

1.501 

105.2 

707.4 

23.50 

1.129 

22,000 

23.91 

16.66 

763.0 

29.08 

1.564 

1 16.4 

1  15.8 

785.4 

29. 18 

1.  124 

23,000 

25.00 

17.20 

824.6 

29.77 

1.610 

126.0 

126.5 

350.6 

ma 

IB 

24 , 000 

26.08 

17.69 

899.3 

30.50 

1.667 

137.  1 

137.6 

926.4 

30.60 

1.117 

25,000 

27.  17 

18.09 

977.0 

31.27 

1.727 

148.8 

149.3 

31.36 

1.  114 

26,000 

23.26 

18.41 

1068. 

32.14 

1.788 

160.9 

151.4 

1089. 

32.23 

1.112 

TABLE  n  -  NORMAL-SHOCK  WAVE  PARAMETERS 


Altitude:  260,000  feet  Temperature:  SOit.  l“R 

Preesu re : 2 .446  X  10‘^psf a  Enthalpy:  1.8108  x  10®  ft-lb/alug 

Densi ty:4.686  X  10"®  slugs/ft®  Sonic  Speed:  854.8  ft/sec 


V, 

V, 

m 

‘It, 

2.340 

d.biu 

4.679 

5.070 

28.60 

5.048 

1.000 

5.224 

2.099 

3.473 

5.396 

28.62 

5.213 

1.378 

5000 

5.849 

5.626 

40.36 

7.175 

1.000 

7.650 

7.869 

44.62 

7.379 

1.361 

6000 

7.019 

6.091 

58.62 

9.622 

1 .000 

10.62 

10.89 

64.28 

9.864 

1.344 

7000 

8.189 

6.736 

80.90 

11.94 

1.006 

14.16 

14.46 

12.20 

1 .314 

8000 

9.359 

107.9 

13.47 

1.026 

18.29 

18.59 

BD 

13.68 

1.267 

9000 

10.53 

9.042 

139.0 

14.55 

1 .057 

22.99 

23.26 

147.5 

14.73 

1.228 

10,000 

11.70 

10.25 

173.8 

15.49 

1.094 

28.19 

28.48 

183.2 

15.63 

1.200 

12.87 

11.32 

212.2 

16.49 

1 .137 

33.97 

34.25 

222.5 

16.62 

1.181 

12,000 

14.04 

12.01 

253.8 

17.91 

1 .180 

40.26 

40.57 

265.3 

18.03 

1.171 

13,000 

15.21 

11.74 

297.1 

20.96 

1 .207 

47.09 

47.44 

310.9 

21.11 

1 .177 

14,000 

16.38 

II  .67 

344.2 

24.08 

1 .225 

54.45 

54.85 

360.3 

24.26 

1.179 

15,000 

17.55 

12.21 

396.6 

25.94 

1 .253 

62.41 

62.82 

414.2 

26.11 

1.171 

18.72 

12.93 

453.3 

27.25 

1.287 

70.91 

71.34 

472.2 

27.41 

1.161 

17,000 

19.89 

13.71 

514.1 

28.30 

1.325 

79.96 

80.41 

534.3 

28.45 

1.152 

18,000 

21 .06 

14.49 

578.6 

29.21 

1.367 

89.57 

90.02 

29.35 

1.143 

19,000 

22.23 

15.25 

647.0 

30.04 

1.412 

99.74 

100.2 

669.6 

30. 17 

1.136 

20,000 

23.40 

15.98 

719.  1 

30.81 

1.460 

1 10.  4 

1  10.9 

743.0 

30.93 

1.130 

21,000 

24.57 

16.67 

794.8 

31.56 

I.5II 

121.7 

122.2 

822.2 

31.67 

1.124 

22,000 

25.74 

17.31 

874.3 

32.29 

1.564 

133.5 

134.0 

901.0 

32.40 

m 

23,000 

26.91 

17.89 

967.4 

33.04 

1.620 

145.8 

146.4 

985.7 

33.  14 

24,000 

28.08 

18.40 

1044. 

33.81 

IQ 

inn 

159.3 

33.91 

m 

25,000 

29.25 

18. 83 

1134. 

34.65 

wSM 

IB 

172.7 

MH 

34.75 

1.110 

26,000 

30.42 

19.16 

1228. 

35.60 

1 .800 

186.2 

166.7 

1262. 

35.70 

1.108 

k 
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TABLE  H  >  NORMAL-SHOCK  WAVE  PARAMETERS 

Altitude:  270,000 

Temperature: 

298.2°R 

Pressure;  1.327  X  lO'^psfa 

Enthal py; 

I.7847X  10®  ft-lb/slug 

Densi tyl 2.693  X  IO"®slugs/ft^ 

Sonic  Speed: 

846.5  ft/sec 

V. 

!  ^ 

1  % 

— — - 

17,000 
18,000 
19,000  22. 
20,000  23.63 
21,000  24.81 


22,000  25.99 
23,000  27.17 
24,000  28.35 
25,000  28.53 
26,000  30.71 


6.790 
7. 92 1 
9.  196 
10.44 
11.53 


2.20 

1.82 

1.82 

2.40 

3.17 


3.98 
4.79 
15.58 
16.33 
17. 04 


17.70 

18.30 


2. 

121 

3. 

522 

5. 

483 

8. 

004 

II. 

09 

14. 

73 

18. 

93 

23. 

69 

29. 

02 

34 

90 

41 

35 

48 

.35 

55 

.91 

64 

.04 

72 

,73 

81. 

52 

91. 

31 
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